Potential use of ␥-TiAl alloys in aerospace and other structural applications require knowledge of their impact behavior for better evaluation and modeling. In the present study plate impact experiments are conducted using a single-stage gas gun to better understand the shock behavior of the recently developed class of gamma titanium aluminide alloys-the Gamma-Met PX. The Gamma-Met PX showed superior shock properties when compared to the conventional titanium aluminide alloys. The spall strength of Gamma-Met PX is 1.8Ϯ 0.09 GPa, which is four to six times higher than those reported for other gamma titanium aluminide alloys. Moreover, it has a Hugoniot elastic limit of 1.88 GPa at a target thickness of 3.86 mm, which drops to 1.15 GPa at target thickness of 15.8 mm. The decay in the elastic precursor is continuous without showing an asymptote to a constant level within the range of target thicknesses studied.
I. INTRODUCTION
Over the past decade the aerospace community has become increasingly interested in high-velocity impact behavior of aerospace materials. Events such as bird strike, highvelocity foreign object damage, and engine-blade fracture and containment, are important safety related issues during both normal and abnormal operations of jet engines. Most of these impact events occur at shock loading levels, and are complex due to irregularities in geometries and/or loading profiles. Proper modeling of these events requires knowledge of material properties under shock wave loading conditions, which can be obtained from simple laboratory scale experiments.
In the past, as far as Ti-based aerospace materials are concerned, considerable work has been conducted on understanding the shock response of commercially pure Ti and Ti-6Al-4V alloys. [1] [2] [3] [4] [5] Ferreira et al. 6 and Shorokov et al. 7 studied the dynamic compaction of titanium aluminides by explosively generated shock waves. Gray III ͑Ref. 8͒ investigated the effect of preshock loading on quasistatic properties of Ti-48Al-2Cr-2Nb ͑at. %͒ and Ti-24Al-11Nb ͑at. %͒. Both alloys showed lack of hardening following shock loading. Millett et al. 9 determined the Hugoniot elastic limit ͑HEL͒ of Ti-46.5Al-2Cr-2Nb ͑at. %͒ alloy to be 0.8Ϯ 0.04 GPa. In another study Millett et al. 10 investigated elastic precursor decay in Ti-48Al-2Cr-2Nb-1B, and found the decay to not be at a constant rate within the range of specimen thickness studied. Millett et al. 11 also investigated the spall strength in gamma titanium aluminide and reported a spall strength level of 453 MPa for Ti-46.5Al-2Cr-2Nb and 296 MPa for Ti-48Al-2Nb-2Cr-1B, which are both lower than those reported for most metallic and ceramic materials.
Recently, a new generation of gamma titanium aluminide alloy-Gamma-Met PX ͑Gamma MET PX is a trademark of PLANSEE AG, Austria. Alloy composition is based on TNB alloys developed by GKSS Research Center, Germany͒, has been developed by GKSS of Germany in cooperation with Plansee AG of Austria. Gamma MET PX is a high Nb-content TiAl alloy, and has been under evaluation for several NASA programs including the turbine based combine cycle program for the next generation launch vehicle. The alloy has excellent mechanical properties including improved oxidation resistance and high tensile, creep, and fatigue strength. Moreover, it has good rolling characteristics and much improved postrolling mechanical properties, and does not require the costly fabrication processes typically used in fabricating intermetallic components. 12 Due to the potential use of Gamma-Met PX in aeroengine components and other aerospace structural material systems, it is of importance to characterize their response to impact loading. In view of this, in present work, plate impact shock compression experiments are conducted on Gamma Met PX to, ͑a͒ estimate its HEL and the associated elastic precursor decay, and ͑b͒ the spall strength of Gamma Met PX and its dependency on the shock-induced compression level.
II. EXPERIMENTAL WORK

A. Material
The triple vacuum arc remelted Ti-45Al-5Nb-B-C ͑at. %͒ gamma TiAl material used in the present investigation was supplied by Plansee AG in the form of 38.1 mm round bars. The gamma TiAl ingots were extruded in two steps at a nominal billet preheat temperature of 1280°C to a final extrusion ratio 14:1 and a diameter of 38.1 mm. The as-extruded bars had a duplex microstructure with a high volume fraction of lamellar grains, which varied slightly from batch to batch. The lamellar grain size was ϳ20 m; small ͑ϳ4 m͒ gamma grains were found to be present in a͒ Author to whom correspondence should be addressed. Electronic mail: vikas.prakash@case.edu.
between lamellar colonies in all batches. A fully lamellar microstructure, with a lamellar colony size of 325Ϯ 45 m, was formed by heat treating the 12.7 mm bars at 1340°C for 40 min in vacuum followed by furnace cooling. Microstructural investigation, Fig. 1 , shows that the material consists of fully lamellar microstructure when the material was sectioned normal to the rod axis. However, a layer of about 4.0 mm thickness at the rod circumference had a near-lamellar microstructure. The elastic properties of Gamma-Met PX are assumed to be similar to those reported by Millett et al. 11 for Ti-46.5Al-2Cr-2Nb, i.e., a density of 3.99 g / cm 3 , longitudinal wave speed of 7.36 km/s, and a Poisson's ratio of 0.27.
B. Plate impact experiment setup
In the present study the plate impact experiments were conducted using an 82.5 mm single-stage gas gun. The schematic of the experimental configuration is shown in Fig. 2 . A fiberglass projectile carrying the flyer plate is accelerated down the gun barrel by means of compressed air. The rear end of the projectile has an O-ring sealing and a Teflon key that slides in a key-way inside the gun barrel to prevent any rotation of the projectile. In order to reduce the possibility of an air cushion between the flyer and target plates, impact takes place in a chamber that has been evacuated to 50 m of Hg prior to impact. A laser based optical system utilizing a UNIPHASE helium-neon 5 mW laser ͑model 1125p͒ and a high frequency photodiode is used to measure the velocity of the projectile. To ensure the generation of plane waves with wave front sufficiently parallel to the impact face, the flyer and the target plates are carefully aligned to be parallel to within 2 ϫ 10 −5 rad by using an optical alignment scheme developed by Kim et al. 13 The actual tilt between the two plates is measured by recording the times at which four, isolated, voltage-biased pins, that are flush with the surface of the target plate, are shorted to ground when contacting the flyer plate. The acceptance level of the experiments is of the order of 0.5 mrad.
14 A multibeam VALYN VISAR™ ͑Ref. 15͒ is employed to measure the time history of the normal particle velocity motion at the rear surface of the target plate. A COHERENT VERDI 5 W solid state diode-pumped frequency doubled Nd: YVO 4 CW laser with wavelength of 532 nm is used to provide the coherent monochromatic light source for the VISAR.
Samples of diameter 38.1 mm and thickness ranging from 4.0 to 16.0 mm. were cut by using electrodischarge machining from the as-received stock. These dimensions provide a window time of 2.6 s for the smallest target thickness before the release waves from the lateral boundary arrive at the monitoring point on the target. The impact faces of the flyer and target plates were lapped to a maximum of 0.16 m out-of-flatness prior to conducting the experiment.
C. Wave propagation in the flyer and target plates: The t-x "time versus distance… and the S-V "stress versus particle velocity… diagrams
The schematic of the t-x ͑time versus distance͒ diagram illustrating the propagation of compression and tensile waves through the target and flyer plates during a typical plate impact spall experiment is shown in Fig. 3 . The abscissa repre- ͑Color online͒ Schematic of the normal plate impact experimental configuration employed in the present study. The particle velocity is measured by using a VISAR probe at the free surface ͑rear͒ of the target plate. (1) State (2) State (3) State (4) State (5) State (6) States ( sents the distance in the target and the flyer plates from the impact surface, while the ordinate represents the time after impact. The arrows indicate the direction of wave propagation. Upon impact, compressive stress waves are generated in both the target and the flyer plates. The interaction of the corresponding release waves from the free surface of flyer plate and the target plate brings the shocked material into a state of tensile stress at a predetermined location within the specimen. If the tensile stress exceeds the critical strength level for the material ͑spall strength͒, a tensile damage process is initiated at a predetermined location in the specimen; spall occurs if the amplitude and the pulse duration of the tensile wave are sufficient. The stress versus particle velocity ͑S-V͒ diagram, shown in Fig. 4 , details the loci of all the stress and particle velocity states that can be attained in the target during a typical plate impact experiment. The abscissa represents the particle velocity while the ordinate represents the stress in the target and the flyer plates. We consider a general case in which the material is shocked above the HEL, and the particle velocity is monitored at the target rear surface by laser interferometer. Upon impact, elastic loading occurs through the elastic characteristic Z e ͑Z e = C; is the mass density and C is the longitudinal elastic wave speed in the target material͒ up to the HEL, and followed by plastic loading through the plastic characteristic Z p to State ͑3͒. The plastic impedance Z p is defined as ͑C b ͒, where C b is bulk wave speed defined by ͱ K , where K is the bulk modulus of the target. It is assumed that unloading for both the flyer and the target materials occurs along the elastic characteristics Z e ͑assuming isotropic hardening͒ until sufficient release has occurred for stresses to be at the yield surface.
If the magnitude of the shock wave is high enough, the material undergoes complete separation. In this case the spall strength can be calculated using
However, if the magnitude of the shock is not high enough to cause complete separation, an "incipient" or partial spall occurs. In this case, the material does not separate completely but a sufficient amount of damage is understood have accumulated in the specimen such that a spall signal is present, Fig. 4͑b͒ , and the velocity of the pull-back signal does not return to the same level of the impact velocity. In the case of partial spall, the spall strength is calculated from Eq. ͑1͒, and the residual stress at the spall plane can be estimated using
III. EXPERIMENTAL RESULTS AND DISCUSSION
Results of a series of six plate impact experiments conducted on Gamma-Met PX are presented; these experiments are designated as shots 01-06. Three experiments were designed to study the spall strength, while the other three experiments-with fixed flyer thicknesses but different target thicknesses-were aimed to study the HEL and the elastic precursor decay in Gamma-Met PX. Table I lists the key parameters for these experiments. The dimensions of the flyer and target plates were chosen so as to avoid the arrival of the release waves from the lateral boundary at the monitoring point of the target plate during the time duration of interest. The impact velocities were chosen so as to span the elastic to the elastic-plastic range of Gamma-Met PX during impact. Gamma-Met PX is expected to remain elastic at the lowest impact velocity used in the present study, i.e., 120 m/s, but show significant inelasticity at the higher impact velocities ͑ranging from 222 to 365 m/s͒. Also, these impact velocities are expected to generate high enough tensile stresses so as to create spall failure within the Gamma-Met PX specimens. In this way, by systematically investigating the spall strength as well as the residual stress state in the shocked Gamma-Met Px specimens at different levels of shock compression is expected to provide a better understanding of the accumulation of damage within the Gamma-Met PX specimens during planar shockinduced compression.
A. Structure of shock waves and Hugoniot elastic limit in Gamma-Met PX Figure 5 shows the measured free-surface particle velocity profiles for experiments shots 01, 02, and 03 conducted at impact velocities of 222, 120, and 365 m/s, respectively. The corresponding shock-induced stresses for the three experiments were 3.24, 1.75, and 5.32 GPa, respectively. In the figure the abscissa represents the time after impact while the ordinate provides the measured particle velocity at the free surface of the Gamma-Met PX target plate. The predicted arrival time of the elastic precursor for shots 01, 02, and 03, based on the elastic longitudinal wave speed in the GammaMet PX and the thickness of the target plates is 1.08 s, and is in close agreement with the arrival times shown in Fig. 5 .
For the experiment conducted at the lowest impact velocity, i.e., shot 02, upon impact the elastic precursor jumps to a level of 120 m/s and then remains nearly constant up to the arrival of the release wave from the flyer back surface. This structure of the measured free-surface particle velocity profile is consistent with the nearly elastic response of the target material. At higher impact velocities, the free-surface particle velocity versus time profiles show a two-wave structure indicative of an elastic-plastic response of the material, i.e., a steplike elastic precursor to the HEL level, followed by a steeply rising plastic wave with a gradual transition to a final plateau. It is to be noted that behind the elastic precursor the stress-rise associated with the plastic wave to the final plateau is not steady. The stress at the HEL for Gamma-Met PX can be estimated to be HEL ϳ 1.54 MPa. It is to noted that these HEL levels are higher than those reported for Ti-46.5Al-2Cr-2Nb with duplex microstructure which was 0.8 GPa, 9 and for Ti-48Al-2Cr-2Nb-1B with fully lamellar microstructure which was 0.58 GPa.
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B. Spall strength in shock compressed Gamma-Met PX
As discussed in Sec. II C, the free-surface particle velocity history can be used to estimate the spall strength of the Gamma-Met PX. As seen from Fig. 5 , for the case of the low velocity impact ͑shot 02͒, no spall signal is observed. Data from shots 01 and 03 indicate that the spall strength is nearly independent of the impact velocity used in the two experiments. Moreover, the pull back in particle velocity is not equal to the particle velocity in the plateau region indicating incipient spall in the target. The corresponding residual stress levels in the impacted specimens are calculated using Eq. ͑2͒, and are listed in Table II . Although completely spalled samples were recovered, as shown in Fig. 6 , this separation may have occurred due to wave reverberations in the partially spalled samples. Another evidence of incipient spall can be as seen from Fig. 7 , where spall fracture comprises mixed inter-and translamellar failure modes at the spall plane. The measured spall strength of Gamma-Met PX is 1.8Ϯ 0.09 GPa, which is approximately six times higher than that obtained for Ti-48Al-2Nb-2Cr-1B with the same microstructure, and four times higher than that of Ti-46.5Al-2Cr-2Nb with duplex microstructure, both reported by Millet et al. 11 Similar dependency of spall strength on the impact velocity has also been observed in copper.
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C. Elastic precursor decay in shock compressed Gamma-Met PX Figure 8 shows the shock wave profiles obtained from the shock compression plate impact experiments conducted on Gamma-Met PX to investigate the decay in the elastic precursor as a function of the specimen thickness. As seen from the figure, the HEL in Gamma-Met PX drops from 1.88 to 1.15 GPa as the target thickness is increased from 3.86 to FIG. 5 . ͑Color online͒ Free-surface particle velocity profiles measured at the rear surface of the Gamma-Met PX target plates with 8 mm thickness using the VALYN VISAR during the plate impact spall experiments. 15.8 mm ͑a drop by 38%͒. The plot for the elastic precursor decay as a function of the target thickness is shown in Fig. 9 . The observed elastic precursor decay is in agreement with work on other gamma titanium aluminide alloys, 10,11 which show a drop of 83% in the HEL over a target thickness of 12 mm and also on Armco iron which show a 70% drop in the HEL over 80 mm, 18 but contrary to the behavior of iron ͑HEL drops 63% over 50 mm͒, 19 commercially pure aluminum ͑HEL drops 60% over 25 mm͒, 20 and single crystal lithium fluoride ͑HEL drops 80% over 6 mm͒, 21 which all show an initial drop in HEL with target thickness before asymptotically reaching a constant value.
As observed from Figs. 5 and 8, the rate at which pull back in particle velocity occurs in the spall experiments conducted at the impact velocities of ϳ220 m / s is much higher than that observed in the spall experiment conducted at 365 m/s ͑shot 03͒. This higher rate of the pull-back signal is understood to be related to the damage growth rate; a sudden increase in damage manifests itself in the pull-back signal as a rapidly rising signal, while a gradual spall failure results in a ramped signal. 22 The relatively slow ͑ramped͒ pull-back signal for the 365 m/s impact velocity spall experiment ͑shot 03͒ can be attributed to increased levels of plastic flow at the higher shock-induced compression level.
Also, from Fig. 8 a continuous change in slope of the plastic wave profile is observed with increasing specimen thickness. Previous studies on Ti-6Al-4V ͑Refs. 2 and 23͒ showed that such a change in the slope is associated with ␣-phase transition. Although new phases ͑that do not exist in the ordinary phase diagram͒ were observed in postshocked titanium aluminide alloys in the work of Shorokhov et al., 7 no correlations were made to features in the shock wave profiles since no free-surface particle velocity measurements were made. However, in our present experiments, we do not believe that this change in slope is due to phase transitions since the level of shock compression used in the present experiments is much lower than that employed in experiments on Ti-6Al-4V and titanium aluminide alloys. 7 Moreover, in most cases, changes in sound wave propagation produce a double wave when phase transition occurs. 24 No such double wave structure is observed in the measured particle velocity profiles in the present experiments.
D. Hugoniot properties and dynamic stress versus strain relationship for Gamma-Met PX under shock-induced compression
The Hugoniot of the material describes the relationship between the shock velocity ͑U s ͒ and particle velocity ͑u p ͒ and can be represented by
where C o and S are constants determined experimentally. This relation along with the conservation of mass, momentum and internal energy across the shock wave can be used to the determine the Hugoniot strain ͑ H ͒ and stress ͑ H ͒ as
where, o is the initial density and C L is the longitudinal wave speed. Figure 10 shows the shock Hugoniot for the GammaMet PX obtained from the free-surface particle velocity measurements and the measured projectile velocity in the present experiments. The error bars in the shock velocity are primarily due to the slight ambiguity in the knowledge of the precise flyer-target contact times, which are estimated from the voltage signals of the four trigger pin positioned on the target plate. Since the presence of a minute tilt is inevitable in plate impact experiments, the analysis presented in Prakash 14 was used to estimate the magnitude of tilt at flyer and target impact interface from the signal of the trigger pins, and subsequently correct the shock wave arrival times ͑and hence the shock velocity͒ at the rear surface of the target plate. Figure  11 provides the corresponding Hugoniot stress versus Hugoniot strain relationship obtained by using Eqs. ͑4͒ and ͑5͒.
Using the von Mises yield criterion, HEL can be related to the yield stress, Y , under uniaxial stress loading, as
͑6͒
Extrapolating data in Fig. 6 for elastic precursor decay to a sample with a zero thickness, provides a HEL of 1.98 GPa, which for = 0.27 corresponds to a dynamic yield strength of 
083513-6
where the minimum yield strength was about 1.0 GPa at the lowest strain rate and increases up to 2.2 GPa at the highest strain rate. Such discrepancies in yield stress have been previously observed in other nominally brittle materials, such as, amorphous glasses. For example, in Pyrex glass a yield strength of 1.5 GPa was reported from uniaxial stress barimpact experiments. 26 In contrast, plate impact experiments on Pyrex glass ͑under uniaxial strain conditions͒ yielded an HEL of 7.5 GPa, 27 which corresponds to a yield stress of 5.1 GPa using Eq. ͑6͒.
In order to estimate the plane strain dynamic stress versus strain response of the Gamma-Met PX, we consider the distance versus time diagram for a target with thickness h, as shown in Fig. 12 . The elastic precursor arrives at the back of the target plate with a wave speed C L , and is followed by plastic wave with speed a . Based on elementary wave mechanics, the speed of plastic wave propagation,a , can be expressed as
where d / d is the slope of the stress versus strain curve at a particular level of stress, and 0 is the material density in the reference configuration. From geometrical considerations, a can be expressed as
Based on the method of the characteristics for onedimensional wave propagation under uniaxial strain conditions, the following stress and particle velocity relationship is expected to hold within the Gamma-Met PX target plate
In Eq. ͑9͒, v p is the particle velocity in the shocked region in the target plate, and can be related to the measured freesurface particle velocity, v fs , in the target plate as
Using Eqs. ͑9͒ and ͑10͒, and substituting for v p yields
Rewriting Eq. ͑7͒, in view of Eq. ͑11͒ yields
Furthermore, considering an elastic perfectly plastic response for Gamma-Met PX, the pressure P, and the resolved shear stress , are related by
4 ͑ − P͒. ͑14͒ Figure 13 shows the corresponding longitudinal stress versus strain curves for shots 01, 03, and 06, conducted in the present study. Figures 14 and 15 show the strain rate and strain histories for shot 01 ͑with an impact velocity of 224 m/s͒ and shot 03 ͑with a higher impact velocity of 365 m/s͒. As shown in these figures, the strain rate in these experiments can reach as high as 120 000 s −1 ; however, the duration of this high strain rate is short, and coincides with the rise time of the shock front after which the strain rate becomes negligibly small. The impact velocity has little effect on the rate of strain hardening, and Gamma Met PX shows postyield hardening. The calculated shear stress varies between 0.37 and 0.98 GPa, depending on the decay in the elastic precursor. These values correlate well with the measured values of shear stress for Ti-48Al-2Cr-2Nb-1B with fully lamellar microstructure in the work Millet et al.
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IV. SUMMARY
In the present study the shock compression behavior of a recently developed generation of gamma titanium aluminide alloys, Gamma-Met PX, has been investigated. Gamma-Met PX show superior shock properties when compared to other 
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titanium aluminide alloys. It has a HEL of 1.88 GPa at a target thickness of 3.86 mm, which drops to 1.15 GPa at target thickness of 15.8 mm. The decay in the HEL is 38%, which is less than that reported for other titanium aluminide alloys. Moreover, the decay in the elastic precursor is nearly linear with distance and does not approach an asymptotic level within the range of target thicknesses studied. The measured HEL levels at various specimen thicknesses are at least two to three times higher than those reported for other gamma titanium aluminide alloys. The dynamic yield strength drops from 1.03 GPa at target thickness of 3.8 mm to 0.75 GPa at a thickness of 15.8 mm. These dynamic yield strength levels are lower when compared to those obtained for a nearly lamellar microstructure under uniaxial stress loading at strain rates of 200-3500 s −1 . The impact velocity has little effect on the rate of strain hardening under shock loading, and Gamma-Met PX shows postyield hardening. Spall experiments on Gamma-Met PX show that the material does not completely separate and invariably fails by incipient spall. The measured spall strength of Gamma-Met PX was 1.8Ϯ 0.09 GPa which is four to six times higher than those reported for most other gamma titanium aluminide alloys. FIG. 13 . ͑Color online͒ Normal stress X , hydrostatic pressure P, and the shear stress , developed under normal shock-induced compression in the Gamma-Met PX target plate at different impact velocities and target thickness.
FIG. 14. ͑Color online͒ Plastic strain and strain rate histories following shock-induced compression in the Gamma-Met PX specimen for shot 1. FIG. 15 . ͑Color online͒ Plastic strain and strain rate histories following shock-induced compression in the Gamma-Met PX specimen for shot 6.
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